Abstract. Up to 10 % of the mouse genome is comprised of endogenous retrovirus (ERV) sequences, and most represent the remains of ancient germ line infections. Our knowledge of the three distinct classes of ERVs is inversely correlated with their copy number, and their characterization has benefited from the availability of divergent wild mouse species and subspecies, and from ongoing analysis of the Mus genome sequence. In contrast to human ERVs, which are nearly all extinct, active mouse ERVs can still be found in all three ERV classes. The distribution and diversity of ERVs has been shaped by host-virus interactions over the course of evolution, but ERVs have also been pivotal in shaping the mouse genome by altering host genes through insertional mutagenesis, by adding novel regulatory and coding sequences, and by their co-option by host cells as retroviral resistance genes. We review mechanisms by which an adaptive coexistence has evolved. (Part of a Multiauthor Review)
Introduction
Close to 40 % of the mouse genome is made up of fossils of transposable elements, of which approximately 10 % represent endogenous retrovirus (ERV) sequences [1] . These ERV sequences have resulted from both ancient and modern infections of exogenous retroviruses, which have successfully colonized the germ line of their host [2] . Once a retrovirus becomes endogenous, the provirus survives as part of the host genome rather than as an autonomous infectious agent and thus is subjected to selection pressures acting on the host genome. Although extinction is probably the fate for most ERV lineages, it is clear that certain endogenous viruses are still capable of expression and replication even after millions of years within the host genome. Mouse genomes, in particular, have many active ERVs, which contrasts strikingly with the human genome, where all ERVs are nearly extinct, with the possible exception of HERV-K [3] . Thus, there must be other, poorly defined determinants that influence whether ERVs remain active or become extinct. The aim of this review is to summarize our current knowledge of the various ERV lineages within the mouse genome and to provide examples that illustrate how elements have evolved together with their host, not only to confer benefits to the host, but also to permit continued coexistence, by modulating viral load and pathogenicity. Such studies in the mouse are particularly valuable because of the key role played by the inbred laboratory mouse strains in studies on mammalian genetics, development, pathology and retrovirology, and also because of the availability of wild mouse species that cover 12 million years of evolutionary history [4] . Emphasis is placed on changes in Env-receptor interactions, which are well studied for the infectious mouse retroviruses, and which have been exploited by host and virus to evolve and evade entry-related restrictions. These receptor interactions may also contribute to horizontal trans-mission to other species, where ERVs can begin a new cycle of unchecked copy number increase until new mechanisms evolve to limit their spread.
Origin and classification of ERVs
The human and mouse sequencing projects provided definitive evidence that a substantial proportion of both genomes was comprised of transposable elements (46 and 37.5 %, respectively). Using the unified classification system proposed by Wicker et al. [5] , the transposable elements can be divided into two main classes: retrotransposons and DNA transposons, the former constituting 95 % of the transposable element sequences present in the mouse genome (Fig. 1) . Whereas DNA transposons amplify without an RNA intermediate, retrotransposons rely on an RNA transcript that is retrotranscribed by a reverse transcriptase (RT) before integration into the genome. Retrotransposons can be further divided into five orders, three of which are found in mammals: LINEs (long-interspersed nucleotide elements), SINEs (short-interspersed nucleotide elements), and LTRs (long-terminal direct repeats). LINEs are autonomous and encode at least an RTand a nuclease in their pol ORF [open reading frame] for transposition. Copies of LINE (superfamily L1) form the single largest fraction of interspersed repeat sequence in both human and mouse, with about 4800 full-length copies in mouse, of which 3000 are predicted to be active [6] . The SINE order is also classified within the class I retrotransposons, but is distinct in origin. SINEs originate from accidental retrotranspostion of various polymerase III transcripts and rely on LINEs for trans-acting transposition functions such as RT [7] . Whereas only a single SINE family (Alu) is active in the human lineage, the mouse lineage has been exposed to four distinct SINEs (B1, B2, ID, B4), originally derived from tRNA and 7SL genes [7] . Together they occupy about 27.4 % of the mouse genome [1] . The third order is the LTR retrotransposons. LTR retrotransposons are the predominant order of retrotransposons in plants and are generally less abundant in animals; nevertheless, close to 10 % of the mouse and human genomes are derived from this order of transposable elements. LTR retrotransposons have a proposed chimeric origin, arising from fusion(s) between a DNA transposon and a non-LTR retrotransposon [8] (Fig. 1) ; the DNA transposon providing integrase (transposase, Tase) and the requirement for a short inverted terminal repeat at the ends of the element, and the non-LTR retrotransposon contributing the RT and RH (ribonuclease H) enzymatic functions, but also a gag-like ORF domain that provided the basis of the capsid (CA) and nuclear capsid (NC) proteins. Although several other components would be required to complete the formation of a fully functional LTR retrotransposon (e.g. including the evolution of LTRs as the means to overcome the problem of replicating the ends of any DNA molecule), the only additional protein domain required is a aspartic proteinase (PR) domain, which may have originated from the hosts pepsin gene family [9] . In mammals, all LTR retrotransposons are derivatives of the vertebrate-specific ERV superfamily. Retro- Figure 1 . Fossils of transposable elements make up a large proportion of the mouse genome. The percentage of the mouse genome sequences that are derived from one of two types of transposable elements (DNA transposons and retrotransposons) is shown. The retrotransposons are further divided into non-LTR and LTR retrotransposons. LTR retrotransposons in the mouse belong to the ERV superfamily, which is made up of three families. Arrows and fill colors denote potential evolutionary relationships and/or recombination events. Abbreviations used in the figure are defined in the text, with the exception of APE (apurinic endonuclease), found in LINE elements. The figure is adapted from [10] and [5] .
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C. Stocking and C. A. Kozak Murine endogenous retroviruses viruses are generally thought to have evolved from Gypsy-like LTR retrotransposons, which adopted a viral lifestyle through acquisition of an envelope protein (Env) (Fig. 1) . Most ERVs show clear homology to one another and to modern exogenous retroviruses (XRV) (albeit to a lesser extent), especially across the RT gene, which is relatively refractory to nonsynonymous substitution [11, 12] . In addition, shared characteristics such as translational strategy, number of zinc finger proteins in the NC of gag, the presence and location of dUTPase (preventing incoporation of uracil), presence of a GPY/F motif in the C-terminal end of IN, and accessory genes can be used to classify ERVs [11] . There has been a growing tendency to group ERVs into classes according to their similarity to XRVs, which have been classified into seven genera (alpha-, beta-, gamma-, delta, and epsilonretrovirus, lentivirus, and spumavirus), the latter belonging to a distinct subfamily [13] . Using this system of classification, ERVs clustering with gamma-and epsilonretrovirus are termed Class I, those that cluster with lentivirus, alpha-, beta-, and deltaretroviruses are termed Class II, and those that cluster with spumaviruses are termed Class III [11, 14 -16] . Notably, intermediates between these different families have been identified, indicating an evolutionary continuum.
Distribution and classes of ERVs in the mouse genome
Unveiling of the mouse genome sequence in 2002 allowed the first comprehensive effort to catalogue the diversity of ERVs in the mouse genome [1] . Subsequently, several data-mining programs have been used to both identify novel ERV families, as well as validate earlier genetic analysis [1, 17 -20] . As in the human genome, the three different classes of ERVs can be readily distinguished, and together make up close to 10 % of their hosts genome (Fig. 2) . However, a markedly dissimilar evolutionary history in human and mouse has been noted, both in the distribution and number of ERV families within the different classes, but also in the fact that ERVs are nearly extinct in human, whereas in mouse there are many active members [1, 21] . Although this reduced activity of ERVs in humans reflects in part an unexplained drop in the overall rate of transposition in the human but not mouse genome over the past 40 million years [1, 22] , many other factors are clearly involved. Before addressing some of these mechanisms by which ERV activity is maintained or extinguished, an overview of the three major ERV classes found in the mouse genome is warranted. Class III ERVs, which show closest (although distant) homology to the spuma-like genus of retrovirus, make up 5.4 % of the mouse genome [1] (Fig. 2) . These are probably the most ancient ERVs, accounting for 80 % of recognized LTR element copies predating the [19] . The ERV-L family was first identified in humans, but was subsequently found to be in all placental mammals, thus was present in the mammalian common ancestor more than 70 million years ago (Mya) [14] . Accordingly, MuERV-L sequences are found in all characterized species within the Mus subgenus, as well as in mice of the other three subgenera Nannomys, Pyromys, and Coelomys (Fig. 3) . Despite its age, this family has maintained some of its elements in an active state in the mouse, as demonstrated by recent amplifications in this species [14, 23] . It has recently also been shown that MuERV-L sequences are responsible for epsilon virus-like particles observed in the early mouse embryo [24] , consistent with several reports showing high levels of expression during early embryonic development [25, 26] . Interestingly, the ERV-L family members have gag and pol genes but no detectable env, and an overall length of 6400 bp. Like spumaretroviruses, MuERV-L lacks the Cys-His region in the NC, important for binding to nucleic acids, but does contain the highly conserved major homology region (MHR) in CA, which is lacking in the related XRV family. Notably, both HERV-L and MuERV-L encode dUTPase, in contrast to spumaretrovirus but similar to betaretrovirus and non-primate lentivirus. However, the location of this gene within the viral genome is distinct, suggesting that its acquisition was an independent event [11, 27] . There is little evidence of MuERV-L horizontal transfer between species, an observation that is consistent with its lack of env [14] . The non-autonomous MaLRs are all internally deleted, containing only non-coding repetitive DNA [38] . (Fig. 2) . Both types are distinguished by their mode of assembly, which initiates in the cytoplasm before transport to the plasma membrane [39] . In addition, betaretroviruses share a translational strategy involving two À1 frameshifts to translate pro-pol-encoded proteins, the presence of a UTPase coding region upstream of PR, and two zinc-finger motifs in NC [11] . More than 30 endogenous MMTVs are scattered over the laboratory mouse genome, although only two or three full-length, active alleles have been identified [19, 40, 41] . Notably, the human MMTV-like (HML)-2 HERV-K subfamily may be the only ERV family with active elements in the human genome [42, 43] . Schematic representation of the evolution of Mus indicating the species distribution of different ERV families. This evolutionary tree is based largely on the synthetic tree of Boursot and Guenet [4, 28] . All species from domesticus through caroli are subgenus Mus. The most recent node of the tree represents the house mouse Mus musculus complex; M. molossinus is a natural hybrid of castaneus and musculus. Species tested for specific ERV sequences by Southern-blot analysis are indicated; cases with a very few detectable copies are underlined [14, 29 -37] .
Related to the MMTV, but more closely to MPMV, is a much larger group of elements known as MusD, with their deleted variants denoted ETn (early transposons) [35, 44] . MusD contains gag-pro-pol genes, but lacks an env gene. Furthermore, its gag-encoded matrix (MA) protein lacks a functional sequence for myristylation and plasma membrane targeting, thereby restricting virions to intracellular compartments, perhaps facilitating its capacity as an intracellular mutagen [45] . Interestingly, due to their high expression levels, ETn genomes are the actual primary mutagen in this family, their retrotransposition being mediated by MusD-encoded viral proteins [46] . ETns, similar to MaLRs, are flanked by LTRs but contain mainly non-retroviral, non-coding sequences of unknown origin. MusD/ETns are widely distributed among the different species of the subgenus Mus but are not found in Rattus, or in the Pyromys or Coelomys subgenera of Mus, which diverged between 5 and 10 Mya [36] (Fig. 3 ).
The final well-characterized clade within the Class II ERVs is related to IAP [intracisternal A-type particles], which are present in mice at approximately 1000 copies per cell [47] . Phylogenetic analysis of related RT sequences in the mouse genome indicate that this clade of elements can be grouped into seven to eight families (defined by sharing < 90 % identity at the amino acid level within RT) [19, 47] . They assemble on the endoplasmic reticulum and bud into the cisternae but are not released from the cell. Although originally thought to lack an env gene, two subsets of IAP-related proviruses that encode Env proteins have been identified, with a single provirus being infectious [48, 49] . Class I ERVs comprise the smallest class, making up 0.68 % of the mouse genome, but its members are the best-studied ERVs. They are closely related to the gammaretrovirus genus of XRVs, typified by the type-C murine leukemia viruses (MuLV). In contrast to the type-B and -D retroviruses, type-C viruses assemble their genomes at the plasma membrane, with the concurrent formation of the immature viral core and the acquisition of the envelope. Class I ERVs share a similar translation strategy (read-through of the termination codon at the end of gag), the presence of one zinc-finger in NC, and a conserved GPY/F motif in the C-terminus of IN. Although these sequences are fourfold more common in the human than the mouse genome, no active Class I ERVs are known in humans. In contrast, the mouse genome contains many active members of this class, which have been the subject of intense research over the last four decades. Early work of Todaro et al. based on DNA hybridization and antigen screening defined two major subclasses of type-C retroviruses [50, 51] . Strikingly, these two major subclasses have stood the test of time and technology. The subclass C-I of Todaro includes XRVs and ERVs from several primate sources, including gibbon ape and woolley monkey, as well as isolates from wild Asian mice, such as Mus cervicolor and Mus caroli. In contrast, the subclass C-II is composed of MuLV ERV and XRV isolates from different inbred laboratory strains and species of Mus musculus and includes the related ERV family from cats (FeLV). Sporadic reports over the last two decades have described related but distinct ERV isolates from various mouse strains that belong to one of these two subclasses, but only with the availability of the mouse genome sequence have there been more rigorous attempts to further classify these Class I ERVs. Our attempt is shown in Table 1 , and is pictorially demonstrated by a phylogenetic analysis based on RT analysis of different ERV and XRV isolates, which also shows the two major clades (subclasses) of Class I ERVs, first recognized by Todaro (Fig. 2) . The best-characterized ERVs are the members that belong to the subclass C-II MuLV family. This is a homogeneous family that has recently (< 1.5 Mya) entered the Mus genome, as indicated by the insertional polymorphism among inbred mouse strains and Mus subspecies and by the presence of infectious members [34, 60, 61] (Fig. 3) . MuLVs are generally divided into distinct groups on the basis of the host ranges specified by their env gene (Table 1) . The xenotropic (X)-MuLVs are present in about 20 copies per mouse genome, whereas the polytropic (P)-MuLVs, which can be subdivided into two closely related subgroups, are present in about 40 copies per genome [62] . Ecotropic (E)-MuLVs are found in only a few copies in diverse inbred strains [63] . Analysis of wild mouse species indicates that ERVs of all three subgroups entered the Mus germline recently (Fig. 3 ) [34] . Of the three groups of ERVs, only X-MuLV and E-MuLV have infectious members, although infectious P-MuLVs are generated following recombination with E-MuLVs [64, 65] . Some wild mouse populations carry infectious amphotropic MuLVs (A-MuLVs) or a novel E-MuLV (HoMuLV) in the absence of germline ERVs [66, 67] . Somewhat surprisingly, most of the Class I ERVs in the mouse genome actually belong to the lessercharacterized subclass C-I family. At least six distinct families can be recognized (as defined by < 90 % homology in RT). The first family recognized in this group were the MuRRSs (murine retroviral-related sequences) [37] . This is a family of approximately 30 -50 copies with an approximate size of 5.5 kb, with recognizable but highly mutated gag, pol, and env genes. Many of these copies share identical deletions within the pol gene, suggesting that they were mobilized by a nondefective helper virus. In addition to these mutated proviral genomes, there are at least 500 copies of solo LTRs, probably arising through homologous recombination between the two LTRs. Two additional families (MuRV-Yand MuERV-C) are closely related, but are predicted to have been seeded by a separate founder retrovirus [68] . Similar to MuRRS, MuERV-C family members are highly mutated but with detectable gag, pol, and env genes, the latter being often extensively deleted. At least 20 copies can be detected in the mouse genome, 10 of which are clustered on the X chromosome. This clustering of integrations suggests that these have been amplified by a non-retroviral mechanism. A similar mechanism is probably responsible for the close to 500 copies of MuRV-Y (murine repeated virus on the Y chromosome), which are almost exclusively found on the Y chromosome, as part of a 25-kb amplicon [69, 70] . In contrast to the MuRRS and MuERV-C members characterized so far, MuRV-Y members have incurred fewer mutations/deletions, but no active forms are known [71] . MuRRS and MuRV-Y are thought to have entered the mouse genome within the past 9 Mya, whereas the multiple Y chromosome MuRV-Y copies are found only in the most recently derived European Mus species, reflecting a more recent amplification [37, 70] (Fig. 3) . In contrast to the families described above, three additional families have been recently recognized for which active ERVs are known. One is the GLN family, named for its glutamine tRNA primer-binding site, in contrast to proline tRNA found in many other Class I ERVs [72] . Of the over 80 copies found in the mouse genome, one copy was recently found both to be intact and capable of releasing virus particles [18] . In view of the fact that related sequences have been found in both Mus subspecies and other rodent (but not nonrodent) genomes, it must have entered a common ancestor prior to the Mus/Rattus split (circa 16 -23 Mya) [18, 72] (Fig. 3) . The first member of the next family was first identified in the Mus dunni (also termed M. terricolor) genome as an active ERV (MDEV) [73] , but it was not until the sequence of the mouse genome was mined for novel ERVs that its counterpart within the C57BL/6 laboratory mouse genome was identified (MmERV) [20] . Among the more than 50+ full-length copies in the mouse genome, at least one provirus has intact 2 Host range refers to the historical nomenclature used to define host susceptibility to virus infections, generally tested using cell lines of various origins. Ecotropic refers to the ability of the virus to infect cells of murine origin only; but not all ecotropic viruses use the same receptor. Xenotropic refers to infectivity of cells of non-murine origin only. Poly-, ampho-, 10A1-, and multitropic all refer to the ability of the virus to infect cells from all (or most) species tested, but through different cellular receptors. Monotropic refers to the fact that the virus can infect cells of many species, but only distinct cell types, which reflects the limited expression pattern of the receptor. 3 Active forms have been found only after recombination events with XRV. 4 Isolated from Lake Casitas (CA) wild mice of unclear origin. Similar ERVs have been identified in M. musculus and M. castaneus. 5 (Fig. 3) . Finally, the last characterized family is actually the first C-I family member to be identified in mice [51] . Recent molecular cloning and analysis of this isolate (dubbed McERV) from Mus caroli fibroblasts has shown that it is closely related but distinct from the MmERV/MDEV family ( [77] , unpublished observation). Hybridization and sequence analysis has shown that although it is found at a high copy number in Mus caroli cells (ca. 50), highly related proviruses are also found in the inbred C57BL/6 laboratory mouse genome (3 intact but mutated copies). Notably, proviruses with at least two different env genes have been characterized ( [77] , unpublished observation).
The major lesson learned from mouse ERVs:
It takes all the running you can do, to keep in the same place.
-Lewis Carroll
ERVs are clearly detrimental to their hosts, but are also important functional components of the genome, so opposing mechanisms must be in place to mitigate their effects as well as maintain their presence and function. Two key characteristics of retroviruses are responsible for the production of ERVs: a life cycle that requires integration into the genome of the host cell, and the unique ability to infect germ cells (albeit a rare event). The observation that distinct Mus species contain multiple copies of highly related proviruses prompted the hypothesis that endogenization of a retrovirus occurs in bursts, in which a relatively rapid amplification of ERVs occurs shortly after the initial colonization event, but then declines over time [2] . These initial bursts can be attributed to two factors: 1) The evolution of mechanisms in the host that suppress further infection and thereby prevent the deleterious consequences of ERVactivity, as discussed below; and 2) the absence of any strong selection pressure to maintain ERV sequence integrity during host replication, resulting in a decrease in fitness (i.e. replicative ability) of the viral lineage over time. Because the accumulation of mutations from one ERV generation to the next is irreversible, eventually all endogenous viruses become defective, fail to replicate or express any gene products, and the lineage becomes extinct. While this protects the host from the consequences of ERV insertions like disease and mutation, it is becoming clear that these protections are counteracted by mechanisms that work to maintain active ERVs to support their function as an important source of somatic and genomic diversity. [81] . Such exchanges would be expected to increase expression rates (and thus increase the chance of de novo endogenization) in particular cell types. Indeed, it is tempting to speculate that the high expression of several mouse ERVs (e.g. IAP and ERV-L) during embryogenesis may increase the likelihood of germ cell infections [26, 82] . The acquisition of novel env sequences is best documented for the Class I ERVs [83] . As mentioned above and depicted in Table 1 , members of both MuLV and McERV families have altered host ranges due to genetic mutations or recombination events within their env genes. The acquisition of novel sequences within the variable regions of the SU domain may contribute to overcoming host defence mechanisms that block cell entry (see below) or may result in usage of novel receptors. The latter would be expected to either facilitate infection of different cell types within the host or may increase the host spectrum of the retrovirus, and thereby facilitate infection of other species. It should be noted, however, that there are clearly limits on receptor switches. All six known gammaretrovirus receptors are transporters with multiple transmembrane domains. This common structural feature suggests constraints that may define how these related viruses interact with their receptors to bind, to produce the conformational changes that allow for Env interactions and cell fusion, and to penetrate the cell.
Mechanisms supporting the maintenance of active ERVs and de novo endogenization
The importance of cross-species transmission in maintaining viable ERV genomes or supporting de novo endogenization has long been recognized based on comparative analysis of host and viral genomes [84 -86] . Conceivably, cross-species infections may allow rapid expansion of the XRV in its new host, which may not have developed fine-tuned defence mechanisms against the invading parasite (see [87] , this issue). Sequences related to Class I ERVs have been identified in a variety of terrestrial vertebrates suggesting several zoonotic transmissions [86] , and several members of this group are also clearly related to infectious retroviruses, such as GALV, KoRV, and FeLV, found in other species (Fig. 2 and Table 1 ). Although the absence of active ERV elements in the human genome may reflect both changes in host ecology (e.g. decreased exposure to XRV from other animals) plus a strong retroviral defence mechanism, it should be noted that chronic cross-species infection of an X-MuLV in humans (XMRV) has recently been reported [88, 89] .
Host mechanisms that suppress retrovirus infection and favor adaptive coexistence Mice exposed to infectious retroviruses or to unchecked ERV amplification or expression are subject to virus-induced disease or virus-induced genetic mutations. Mice are protected by the innate and acquired immune systems, but have also evolved numerous constitutively expressed antiviral factors that target various stages of the retroviral life cycle, defined largely in studies with the Class I MuLVs. The factors responsible for this intrinsic immunity block virus entry, interfere with specific post-entry stages of virus replication, integration, assembly or release, or mediate endogenization and replicative silencing (Fig. 4) . These host resistance factors also produce the selective pressures that favor the outgrowth of virus variants able to circumvent those blocks. This results in a ratchet-like pattern of sequential mutations in both host and virus that generate substantial polymorphism in the critical regions of the responsible genes. This coevolution of virus and host also results in a form of adaptive coexistence in which retroviruses are rarely pathogenic in their natural hosts. The best-characterized mechanisms of resistance to mouse retroviruses rely on inhibition of virus entry. Entry can be blocked by mutations in the receptor gene that alter their function or by host resistance genes that interfere with receptor function. To date, seven receptors for mouse retroviruses have been identified (Table 1) , of which six represent receptors for Class I gammaretroviruses and four are used by different host range subclasses of MuLVs. Studies on two of these receptors have identified residues critical 3390 C. Stocking and C. A. Kozak Murine endogenous retroviruses for virus entry in the E-MuLV CAT1 receptor [90, 91] and in the X/P-MuLV receptor XPR1 [92] (Fig. 5) . In both cases, these receptor regions are hypervariable and glycosylated, but it is not clear if the identified critical amino acids actually mediate virus attachment and entry or if they are negative regulators that protect nearby highly conserved receptor determinants [54] . Among mouse species, there are two naturally occurring functional variants of the CAT-1 receptor [55, 93] , and four variants of XPR1 [28, 92] . These functional subtypes are distinguished by their ability to mediate entry of different virus isolates (Fig. 5) . The evolution of XPR1 can be examined in relation to the appearance and spread of X-MuLVs and P-MuLVs in Mus species [28, 34] . The XPR1 variant with the broadest susceptibility phenotype is widely distributed among the older Asian Mus species. It was not, however, until the appearance of the house mouse (M. musculus) about 1 Mya that mice were exposed to and began to acquire ERVs of X-MuLVs. This acquisition is also coincident with the appearance of restrictive XPR1 variants in M. m. castaneus (cXPR1) and M. m. domesticus (nXPR1). The M. m. domesticus mice, like the laboratory strains they gave rise to, are not infectible by X-MuLVs, but the appearance of this restrictive nXPR1 variant undoubtedly contributed to the evolution of P-MuLVs as a new host range variant able to use this restrictive receptor. This coevolutionary relationship based on the patterns of receptor evolution and the pattern of endogenous X/P-MuLV distribution in wild mouse species is consistent with recent phylogenetic analysis in the sequenced mouse genome. This analysis confirms the close evolutionary relationship of these virus types and suggests X-MuLV is the most recent common ancestor [17] . In addition to receptor polymorphisms, other mechanisms can inhibit infection at the level of virus entry. First, variable receptor glycosylation can result in resistance. Glycosylation has been found to be responsible for resistance to E-MuLV in rodent cells and X-MuLVs in hamster cells [95 -98] (Fig. 5) . Second, Env-producing ERVs can interfere with exogenous viruses that use the same receptor. Such interfering Env genes have been found for E-MuLVs (Fv4) [99] and X/P-MuLVs (Rmcf, Rmcf2) [100 -102] . All three of these resistance genes are associated with ERVs that have intact env genes. Two of these genes evolved in wild mouse populations exposed to infectious virus; M. castaneus carries Fv4 and Rmcf2 along with infectious E-MuLV and X-MuLV [103] . Other host factors may also inhibit gammaretrovirus infection by targeting Env or affecting other factors needed for binding or entry. For example, mice produce a serum factor, LVIF, which inactivates viruses of the P/XMuLV host range class but not those of other Env host range groups [104] . Also, although no mouse retrovirus is known to use a coreceptor, the efficiency of entry can be modulated by other factors [105] . For example, neurotropic Friend virus infects brain capillaries more efficiently because of the presence of heparin sulfate [106] . Viruses have evolved mechanisms to evade these entry restrictions. The major determinant of receptor Cell. Mol. Life Sci. Vol. 65, 2008 Review Article recognition (and thus virus host range) in Class I ERVs is within the variable region of the surface (SU) domain of the Env protein [107] . Mutations within this region can lead to the generation of retroviruses that can use alternative receptors, multiple receptors or even multiple receptor determinants on the same protein; this contributes to virus survival by limiting the impact of host escape mutations. Thus, the closely related phosphate transporters PiT1 or PiT2 both function as gammaretrovirus receptors, and at least one MuLV, mouse 10A1 MuLV, can use either for entry [108] . Also, the XPR1 receptor carries two largely independent determinants in different extracellular loops that can mediate X-MuLV entry and undefined determinants for P-MuLV entry [28, 92, 109] . Several mechanisms also allow viruses to bypass the need for their cognate receptor. In viremic animals, recombination between infectious E-MuLV or A-MuLV and endogenous P-MuLV env genes can generate novel recombinants with P-MuLV host range [110, 111] . These P-MuLVs are also often pseudotyped by E-MuLVs in infected animals. It has also been shown that some viruses can use alternative receptors in the presence of the soluble Env glycoprotein for that receptor. P-MuLVs can be transactivated in this way by E-MuLV Env [112] . In addition to resistance mechanisms that block virus entry, there are three major genes known to inhibit early post entry replication of retroviruses: Fv1, TRIM5a, and APOBEC3 (Fig. 4) . Alleles at the Fv1 locus control the relative sensitivities of mouse cells to different subgroups of MuLVs [113] . There are at least five allelic variants of Fv1, four of which produce different patterns of resistance to mouse-tropic viruses, described as N-, B-, NR, or NB-tropic. The Fv1 sequence is related to the gag gene of MuERV-L [114] . The mechanism of restriction is unknown, but Fv1 generally blocks virus replication at or just after reverse transcription to limit proviral integrations [115] . Fv1 targets the viral capsid; the major determinant that distinguishes N-and B-tropic viruses is at CA position 110 [116] , but other targets in this same CA region have been identified in studies on NR-and NB-tropism [117] . Fv1 restriction is found only in laboratory mice and laboratory mouse-related Mus species [118, 119] , but African pygmy mice carry an unusual post-entry resistance to some ecotropic MuLVs that targets some of the same amino acid residues as Fv1 [96] . While cells of nonrodent species lack Fv1, they carry another restriction gene, TRIM5a, that blocks retrovirus replication before reverse transcription. TRIM5a is a member of the tripartite interaction motif family, and no mouse ortholog has been identified. Primate TRIM5a, however, restricts MuLV infection by targeting amino acids at two of the capsid sites also targeted by Fv1, 110 and 117 [120] . TRIM5a may thus function to limit transpecies transmission by the broadly infectious MuLVs. The evolution of two polymorphic host genes (Fv1 and TRIM5a) targeting the same hypervariable capsid segment also suggests that, like the viral Env and their receptors, virus capsid and host genes that target capsid represent a second major battleground in the coevolution of virus and host. A third host gene involved in post-entry restriction to retroviral infection is APOBEC3G. This enzyme catalyzes C-to-U deamination during reverse tran- scription, resulting in G-to-A mutations in the resulting provirus [121] . Although most extensively studied in humans where it inhibits HIVas well as MuLVs, the mouse counterpart, mA3, also blocks HIV-1 and the mouse retroviruses MMTV, IAP, and MusD [122 -124] . Although mA3 has now been identified as Friend MuLV resistance gene Rfv3 [125] and a recent study characterized MuLV ERVs in C57BL/6 mice and found that a significant number of the observed mutations in endogenous P-MuLVs, but not XMuLVs, represented G-to-A mutations and also showed a gradient of G-to-A mutations consistent with mA3 activity [17] . This suggests that mA3 editing may have contributed to endogenization and silencing of these ERVs at the time of integration. A few mouse genes have been identified that inhibit late stages of retrovirus replication. One such gene, Gv1, is known to broadly restrict transcription of endogenous MuLVs [126] . This restriction was shown to be due to a single host gene that was mapped to chromosome 13 [127] , but it has not been characterized further. Transcriptional silencing can also be effected by TRIM28 which targets the MuLV primer binding site [128] . Another late-acting gene, Nks1, encodes an mRNA export factor that suppresses sense-oriented intronic IAP inserts [129] . Also, host genomes can silence ERVs by methylation; failure to methylate new or specific ERVs has been attributed to Dnmt genes [130] . Another factor involved in intrinsic immunity to late stages of retroviral infection is ZAP, a zinc-finger antiviral protein that inhibits translation of MuLVs as well as alphaviruses and filoviruses [131] . ZAP binds viral RNA and leads to its degradation. ZAP is found in multiple species, and sequence comparisons confirm that it has evolved under positive selection. Finally, recent studies have identified a novel factor in human cells that inhibits release of many enveloped viruses, including MuLV [132] . Tetherin binds newly formed virions to cell surfaces, is constitutively expressed by some cells, and can be antagonized by the HIV-1 accessory protein Vpu. [133] . The majority of these germ line mutations are due to IAP and ETn/MusD insertions, which is not surprising as these ERV families are present in high copy numbers and contain many active members. The largest number of these mutational insertions is found in introns, and occasional reversions have been reported which are accompanied by provirus deletion. In addition to insertional mutagenesis, ERV sequences may promote rearrangement of DNA by way of non-allelic homologous recombination between elements [2] . The first example of ERV-induced insertional mutagenesis was identified in the oldest inbred strain of the laboratory mouse, DBA, which was bred to carry three visible mutations all affecting coat color: dilute (d), brown (b), and agouti (a). The single ecotropic MuLV ERV in this strain was linked to the d locus, and it was found that this ERV was lost in rare color revertants [134] . The d locus encodes an unconventional myosin heavy chain gene, Myosin Va, that controls transport of melanosomes into the dendritic processes of melanocytes from where they enter the hair shaft. The ERV integration site is within an intron of this gene and results in abnormally spliced transcripts [135] ; this is associated with the failure to produce pigment-filled dendritic processes and an abnormal distribution of pigment in the hair shaft leading to lightened coat color. The importance of ERV insertions for gene regulation is well recognized. An early and dramatic example was the demonstration that the mouse gene for sex-limited protein requires androgen for its expression because of a hormone-responsive enhancer introduced by ERV insertion [136] . More recent work has provided evidence that MuERV-L and MaLR elements may provide essential functions as early promoters in fullgrown oocytes and during embryogenesis [26] . The temporal and spatial regulation of ERV elements are controlled not only by the differential expression of transcripton factors that regulate LTR expression, but by epigenetic modifications. ERVs are often preferential sites of methylation and can provide methylation-sensitive promoters for host genes [137] ; this can result in variable expression, as is the case for the viable yellow agouti allele that uses an IAP LTR as promoter [138, 139] . Furthermore, it is increasingly appreciated that the stochastic nature of ERV expression modulated by epigenetic modifications durCell. Mol. Life Sci. Vol. 65, 2008 Review Article 3393 ing embryogenesis may also impinge on neighboring genes by RNA interference [140, 141] . In addition to altering gene regulation or expression, ERV integrations also insert virus protein-coding genes into host chromosomes, and some of these genes have been co-opted or domesticated by the host for cellular functions. Such genes are rare, and the majority of the recognizable co-opted virus genes serve to protect against or modulate further retroviral infection. The largest set of these genes are the minor lymphocyte-stimulating (Mls) genes. These Mls genes contain integrated MMTVs that express an LTRencoded sag gene. The sag product is a transmembrane glycoprotein that functions as a superantigen to stimulate T cell proliferation and the deletion of specific T cell subsets. Studies on transgenic mice expressing an exogenous MMTV indicated that Saginduced T-cell depletion prevents infection by exogenous MMTV of the same sag gene specificity [142] . Subsequent analysis of the 3 endogenous MMTVs of BALB/c mice indicated that Mtv-encoded Sag is needed for exogenous MMTV infection, further suggesting that interfering with sag function alters susceptibility to MMTV infection [143] . Another set of co-opted retroviral genes serve an antiviral function through production of MuLV Env glycoproteins. As discussed above, the products of these genes, Fv4, Rmcf, and Rmcf2, interfere with exogenous infection by MuLVs of the same host range subgroup [99, 101, 102] . It is thought that these Env glycoproteins and their receptors associate in the endoplasmic reticulum to prevent processing and transport to the plasma membrane. Of the three identified interfering Env genes, two were found in a single Asian species, M. castaneus, which harbors infectious viruses of the corresponding host range types [103] . Comparable interfering ERV env genes have been found in chickens, sheep, and cats, suggesting that this is a common host resistance mechanism. The oldest known retroviral resistance gene, Fv1, is also a co-opted ERV sequence, [144] . The Fv1 sequence is responsible for resistance to MuLVs and is found in all Mus species [145] . However, the older species carry a non-restrictive null allele, while the restrictive alleles are found only in more recently diverged M. musculus subspecies, animals that are exposed to infectious MuLVs [119] . ERVs have also contributed coding sequences for at least two genes with functions other than virus resistance. The mouse has two syncytin genes, SynA and SynB, that are responsible for the cell fusions that produce the trophoblast during development of the placenta. These genes are ERV env genes [146] . Interestingly, humans also carry two syncytin genes with similar function, but the human and mouse genes are not at orthologous positions in the germ line, suggesting that ERVs were independently co-opted to serve similar functions in these different mammalian lineages.
Conclusions
Mouse XRVs were first identified in 1951 with the discovery that extracts from tumors or embryos could induce leukemia [147] . It was subsequently determined that uninfected mouse embryo cells could produce infectious virus [148] . Liquid DNA hybridization showed that cells carried viral sequences [149] , suggesting that these XRVs were the products of ERVs rather than latent exogenous virus infections.
Since that time, the number of identified ERV copies has progressively grown along with the number of distinct families, aided by the publication of the mouse genome sequence and increasing use of wild mouse species in addition to inbred laboratory mouse strains. The realization that a staggering proportion of the genome is ERV-related and that some ERVs serve key host functions has revitalized interest in the evolutionary forces that have shaped this host-virus codependency. While it is clear that newly emerging XRVs are likely to be mutagenic and pathogenic in their new hosts, long-term associations have clearly produced coevolutionary adaptations that tend to mitigate these deleterious effects. While some domesticated ERVs move toward extinction, others remain active over long evolutionary intervals, suggesting that all this activity is neither necessarily damaging nor entirely superfluous for the host. While ERVs and the transposable elements from which they evolved obviously contribute to genetic diversity on an evolutionary timescale, it can also be argued that these elements may have important roles in development, as shown for example by L1 contributions to neuronal diversity in the developing brain [150] or by the developmentally regulated high level of expression of MuERV-L and MaLR ERVs in early embryogenesis [26, 151] . Because work on murine ERVs and XRVs initially focused on the most pathogenic groups and was limited to studies on the inbred laboratory strains, we are only beginning to identify and characterize the larger and older families present in the mouse germ line, and to describe what may be common and widespread interspecies transmissions of Class I ERVs/XRVs. Further work on these elements should produce novel insights into the evolutionary past and refine our understanding of the present interdependence of these genomic parasites and their hosts. 
